To summarize the recent progress in the development of vestibular implants. The review is timely because of the recent advances in the field and because MED-EL has recently announced that they are developing a vestibular implant for clinical applications.
INTRODUCTION
Patients with bilateral vestibulopathies suffer varying degrees of disability [1] . Treatment options for such patients focus on teaching these patients to adapt and cope with their loss. A vestibular implant that uses electrical stimulation of vestibular neurons is being developed as one treatment option for these patients; the present implant efforts focus on replacing absent or severely reduced semicircular canal function.
Short-term electrical stimulation of the vestibular periphery has a long and rich history. Although a more thorough historical review is available [2] , a brief survey of findings from the preceding 200 years is warranted. In the early 19th century, Purkynje [3] provided low-frequency electrical stimulation between the left and right ears to induce vertigo. Later that century, nearly simultaneous studies [4] [5] [6] reported nystagmus, illusory motion of visual objects, and illusions of self-tilt could be evoked by electrical stimulation of the vestibular periphery, and shortly thereafter, Ewald [7] reported vestibular-evoked head movements using electrical stimulation in pigeons.
Later, Suzuki, Cohen and colleagues [8] [9] [10] [11] [12] chronically implanted electrodes to provide shortterm electrical stimulation to the vestibular periphery in the lab. They utilized voltage pulses to limit current spread and showed that individual ampullary nerve branches could be stimulated, and that the eye responses to such stimuli summed much like natural responses. These fundamental studies also established that electrodes inserted chronically could yield stable short-term responses when short-term electrical stimulation was provided.
Given this rich history involving short-term electrical stimulation, the next advance involved investigations of long-term (chronic) stimulation [13] [14] [15] [16] , because nothing was known about how the nervous system would respond to chronic stimulation of the vestibular periphery. Efforts first focused on developing the technology required to provide chronic motion-modulated current pulses [17, 18] . Chronic stimulation was then provided to the vestibular periphery of animals 7 days a week and 24 h per day for months on end [13] [14] [15] [16] . Initially, a brisk nystagmus was induced when pulsatile current pulses were turned on, demonstrating the expected excitatory effect provided by baseline electrical stimulation -designed to qualitatively mimic natural neural resting activity. Data showed that animals acclimated to this baseline stimulation, with the time required for acclimation becoming less with repeated exposures to stimulation. Other data showed that a motion-modulated vestibulo-ocular reflex (VOR) could be maintained for extended periods of time even as the animals acclimated to the baseline activation. Finally, early data clearly demonstrated that the measured VOR responses adapted to align the VOR response with the motion stimuli.
More recently, the first published human study that utilized electrical stimulation provided by electrodes inserted into the vestibular periphery for focal vestibular stimulation was performed using short-term current pulses provided intraoperatively [19] . This study demonstrated in humans an electrically evoked response similar to that first reported by Suzuki and Cohen in animal models.
The above brief historical summary sets the stage for the recent research reviewed herein. A comprehensive detailed review of studies directly related to vestibular implant development has recently been published [20 && ], as has one review primarily focused on multichannel vestibular implant research [21] and two more general reviews [22, 23] .
IS AN IMPLANT WARRANTED?
To help address this question, a recent study [1] assessed the quality of life for patients diagnosed with bilateral vestibulopathy. In this study, bilateral vestibulopathy patients submitted responses to a Short-From Health Survey, Dizziness Handicap Inventory, Short Fall Efficacy Scale, and an oscillopsia severity questionnaire. The study concluded that bilateral vestibulopathy impacts the quality of life by negatively affecting physical and social function and that there is a clear need for a therapeutic solution such as a vestibular implant. As a direct comparison to the vestibular implant, the study specifically noted that the dizziness handicap index score for patients with bilateral vestibulopathy often suggests more of a handicap than for patients with superior canal dehiscence (SCD) and that a major surgical intervention for SCD is generally accepted even though SCD surgery can lead to complications.
Two other recent articles also consider related ethical issues as they pertain to vestibular implants [24, 25] .
SURGICAL APPROACHES
A comparison of the two surgical approaches used to insert electrodes to stimulate canal ampullary nerve branches was recently published [26 & ]. One approach is intralabyrinthine -utilizing the osseous canal lumen to help guide the electrode to the ampullae as originally pioneered by Suzuki and Cohen. The other approach is extralabyrinthine and has been utilized for human studies performed by the group in Geneva (e.g., [27 && ,28]). The extralabyrinthine approach actually involves two approaches. The posterior ampullary nerve is reached via a transmeatal approach in which the floor of the round window niche is drilled. The other two ampullary nerve branches are reached via a transmeatal approach after the removal of the head of the malleus and incus.
Drawbacks to the extralabyrinthine approach include that the ampullary nerves may sometimes
KEY POINTS
Recent research shows that the handicap experienced by patients suffering from bilateral vestibulopathy has a strong negative impact that justifies surgical intervention.
The three-dimensional vestibulo-ocular reflex (VOR) in rhesus monkeys produced with a three-dimensional vestibular implant showed gains that were relatively normal during acute stimulation.
Rotation cues provided by an implant interact with otolith cues in a qualitatively normal manner, which shows that the brain can combine artificial cues provided by an implant with natural sensory cues.
There is extensive evidence that the mammalian brain adapts to the cues provided via artificial electrical stimulation.
Available data from both humans and animals support the technological and physiological feasibility of vestibular implants and suggest that significant functional improvements are possible.
be difficult to reach. Risks include sensorineural hearing loss, conductive hearing loss following reconstruction of the ossicular chain, and facial nerve damage. The main advantages are that the electrodes can be located near the desired neurons and that stimulation might be possible even if the peripheral dendrites have died back to Scarpa's ganglia following peripheral damage.
Risks associated with the intralabyrinthine approach include perilymph leaks following canal fenestration, possible sensorineural hearing loss, and difficulty stimulating neurons if they have died back to Scarpa's ganglion. Advantages are that the facial nerve is less likely to be damaged and the middle ear is preserved.
Both approaches have been used successfully to implant electrodes that can selectively stimulate ampullary neurons. As noted [26 & ], the two approaches are not mutually incompatible -one could use an intralabyrinthine approach for one or two ampullary nerve branches with the remaining ampullary nerve branch(es) reached using an extralabyrinthine approach.
EFFECTS ON HEARING
Two recent vestibular implant studies have focused on the potential effects of a vestibular implant on hearing. In one study, auditory brainstem responses (ABRs) and otoacoustic emissions were measured in rhesus monkeys before and after electrode implantation, with and without electrical stimulation [29 & ]. Hearing was moderately impaired after electrode implantation and diminished further after canal afferents were electrically stimulated. Changes were modest in amplitude (e.g., increase of ABR thresholds of 5-15 dB), suggesting that hearing is only mildly to moderately affected by electrode implantation and electrical stimulation. In a second study [30 & ], ABRs were recorded from eight rhesus monkeys following electrode insertion. For five of the animals, there was little or no effect on hearing, but three animals showed mild-tosevere hearing decrements. Taken together, the studies suggest that there is a risk to hearing that accompanies surgical insertion of vestibular implant electrodes. Once vestibular implants are further developed, it seems reasonable to speculate that the risk to hearing will roughly be similar to the risk that a cochlear implant poses to vestibular function. As just one example, a recent study [31] reported sound-induced vertigo in about 20% of cochlear implant patients. Finally, both of the above vestibular implant studies [29 & ,30 & ] showed that vestibular implant surgeries can be performed such that hearing is preserved.
HIGH-FREQUENCY EYE RESPONSES
All implant devices investigated so far provide some baseline stimulus at rest. A recent study [32] showed that this baseline pulse rate carries an undesirable side-effect as the VOR has a substantial response component at 250 Hz when biphasic current pulses are provided at a rate of 250 pulses per second (pps). The eye movements evoked in the guinea pig at 250 Hz were large enough that if they were to be evoked in a human, they would likely cause reduced visual acuity. Fortunately, the same study that discovered these high-frequency eye responses also showed that these high-frequency eye movements dissipate substantially over a period of just 15-30 min. This response dissipation was attributed to habituation, as the decay rate appeared unchanged when the stimulation was alternately turned on and off each week over an 8-week period.
IMPLANT ALIGNMENT CALIBRATION
Perfect alignment of motion sensors with canal coordinates during surgery is impossible, and even approximate alignment will take time and effort. Building on earlier suggestions [33] [34] [35] that identified how to correct for the misalignment of the sensors with the canals and the misalignment of head rotation with the resultant response (e.g., VOR), a recent study [36] developed and tested a simple numerical calibration method that aligns two different coordinate systems as part of a implant tuning process to be performed at a convenient time after the patient recovers from surgery. The patient would only need to make three-dimensional head rotations, while three-dimensional motion data are simultaneously recorded from the prosthesis and a second measurement system (e.g., threedimensional bitebar-mounted rotation sensor or three-dimensional VOR). The method was robust to misalignment and required little data and minimal processing. We consider this an important technical advance as postsurgical implant tuning and alignment are fundamental to the success of a vestibular implant, and such spatial alignment is a primary feature that distinguishes a threedimensional implant from three one-dimensional implants.
MULTICHANNEL DEVELOPMENTS AND STUDIES
Several recent studies report the developments related to the implementation of a multichannel vestibular prosthesis (labeled MVP). These studies can be subdivided into technical development, including optimization of stimulation parameters, and measurements of vestibular-mediated behaviors, primarily the angular VOR.
Technical development
Two studies by the Johns Hopkins group have examined how the characteristics of the current pulses applied to the canal ampullary nerves by implanted electrodes affect eye movement responses in chinchillas. In one study [37] , the frequency, amplitude, duration, and interphase gaps were systematically altered. The eye movements were optimal when the frequency of current pulses was modulated and when the pulse durations were short (less than 340 ms). Modulating pulse amplitude was problematic as it resulted in increases in off-axis eye movement responses, and interphase gap appeared to have no effect on eye movements. In the second study [38] , the effect of co-modulating pulse frequency and amplitude was compared to modulating either in isolation. A larger range of eye velocities could be elicited with comodulation, suggesting that this method might provide a good way to transfer information about angular head velocity to the canal ampullary nerves. Other technical studies included a description of improvements in the second generation prosthesis (labeled MVP2, [39] ), including reduced weight and power requirements and the implementation of multisite stimulation, and a study describing the development and testing of a model of the chinchilla labyrinth [40] . Finally, a study by a group at University College London presented a multichannel stimulator ASIC for an implantable MVP that features versatile stimulation management [41] .
Vestibular-mediated behaviors
Three studies described measurements of the angular VOR in three dimensions and one study also discussed locomotion. In each of these studies, the animals were rendered vestibular impaired with bilateral intratympanic injections of gentamicin, and the behavior of interest was studied with and without three-dimensional prosthetic stimulation provided by the MVP. The VOR in rhesus monkeys produced with this approach showed gains that were relatively normal ( Fig. 1 ) during acute stimulation [42 && ], and evidence of adaptation was also observed in chinchillas as the eye's rotational axis shifted toward the rotational axis of the head over a one-week period of more chronic stimulation [43] . Locomotion was examined in three vestibulardeficient chinchillas [44] and was observed to improve in two animals when the three-dimensional canal prosthesis was activated. This observation suggested that a prosthesis that provides angular velocity information may be adequate to improve postural control in individuals with reduced canal and otolith function.
SENSORY INTEGRATION
Although the angular velocity information provided by the canal prosthesis is adequate to generate a compensatory VOR response, this rotational cue must be synthesized with otolith and other gravito-inertial signals if the prosthesis is to improve more complex, integrative behaviors such as perception of head orientation and postural control. Lewis et al. [45 && ] examined this issue by measuring eye movements in squirrel monkeys during electrical stimulation of lateral canal afferents with the head upright or tilted (Fig. 2) . When stimulation was applied with the animals tilted, the eye movements showed spatial orientation properties (their rotational axis aligned with gravity) and tilt-suppression (attenuation of the head-centered horizontal response) -evidence that the rotational information provided by the prosthesis was integrated with the gravitational cues sensed by the otolith organs. The effects of the prosthesis on perception and posture have also been directly tested in one vestibular-deficient rhesus monkey [46] . Results in this animal suggest that both perception of head orientation relative to gravity (measured with a subjective visual vertical task) and postural stability during head movements improve when rotational information is provided using a semicircular canal implant.
HUMAN ADAPTATION
Guyot et al. [27 && ] chronically implanted electrodes in a human patient and then provided electrical stimulation semichronically for varying periods of time. When the baseline pulsatile current pulses were turned on, a nystagmus was evoked (Fig. 3 ). This nystagmus dissipated over of period of about 30 min. When the stimulus was turned off after 27 min of constant stimulation, a nystagmus in the opposite direction was initiated, which indicates adaptation. When the stimulus was alternately turned on and off, the duration of the nystagmus response decreased. Finally, an oscillatory variation in the electrical stimulation was introduced and oscillatory eye responses were evoked. While these findings are reported for just a single patient, they qualitatively mimic published animal results that showed adaptation and acclimation to constant-rate stimulation [14] and also showed that VOR responses could be evoked by modulation of the current pulse rate after the animals acclimated to the constant-rate stimulation component [15] .
CONCLUSION
The deficits associated with severe bilateral vestibulopathy suggest that a treatment option would benefit patients. The available animal data, coupled with a few human studies, suggest that vestibular implants can restore partial vestibular function to patients with severe bilateral peripheral deficits. Effects of vestibular implants on hearing appear analogous to cochlear implant effects on vestibular function. Although numerous challenges and questions remain, justifying ongoing research efforts, all available data suggest that vestibular implants can benefit patients suffering severe bilateral vestibular loss.
